. In the light, ZTL accumulates to high levels but is unable to mediate 44 degradation of the clock transcription factors Kim et al., 2007). The 45 accumulation of ZTL protein during the day is dependent on interaction with the co-chaperone 46 protein GIGANTEA (GI) (Kim et al., 2013; Cha et al., 2017; Cha et al., 2017). GI interacts with 47 ZTL through the LOV domain in the light and dissociates from ZTL in the dark, allowing ZTL to 48 mediate degradation of its target proteins and then be degraded by the ubiquitin proteasome 49 system, likely through autocatalytic activity Mas et al., 2003; Somers et al., 50 2004; Kiba et al., 2007; Kim et al., 2007; Kim et al., 2011; Kim et al., 2013). One of the roles of 51 GI is to recruit HSP70/HSP90 for maturation of the ZTL protein in the light, but ZTL is unable 52 to mediate ubiquitylation and degradation of target proteins until dark (Mas et al., 2003; Kiba et 53 al., 2007; Fujiwara et al., 2008; Cha et al., 2017; Pudasaini et al., 2017). It was proposed that GI 54 can promote maturation of ZTL and block or counteract ZTL activity; however, this second role 55 for GI has not been investigated in depth (Fujiwara et al., 2008; Pudasaini et al., 2017).
, and our BiFC results show that UBP12 and UBP13 interact with GI in both 75 compartments with strong signal in the nucleus and weaker but detectable signal in the 76 cytoplasm. The interacting complexes of UBP12 and GI formed nuclear foci, similar to the 77 localization of GI alone (Kim et al., 2013) . UBP12 and UBP13 contain a MATH-type (meprin 78 and TRAF homology) protein interaction domain and a ubiquitin-specific protease (USP) 79 domain (Fig. S1 ). The MATH domains of UBP12 and UBP13 were necessary for interaction 80 with GI while the protease domain and the C-terminal portions did not mediate GI-interaction 81 (Fig. 1c) . This suggests that the interaction between GI and UBP12 or UBP13 is not dependent 82 on the UBP USP domains binding to poly-ubiquitylated GI protein.
84
We next determined whether GI was necessary to bridge the interaction between UBP12 or 85 UBP13 and ZTL in vivo by performing IP-MS on wild type (Col-0) and gi-2 mutant transgenic 86 lines expressing the decoy ZTL protein (Fig. S2 ). We collected samples at 9 hours after dawn 87 from plants grown in 12h light/12h dark cycles to capture the time when ZTL and GI are 88 normally interacting. We found that UBP12 and UBP13 were enriched in the Col-0 samples (p-89 value= 3.58E-5 and 0.0113 for UBP12 and UBP13 respectively), but not in the gi-2 mutant (p-90 value= 1 for both) ( Fig.1d and Table S1 ). These results indicate that GI is required for 91 UBP12/UBP13 to form a complex with ZTL, substantiating our interaction studies in 92 heterologous systems. Notably, LKP2, a known ZTL interacting partner, associated with ZTL in 93 the presence or absence of GI and suggests that the decoy ZTL is able to form biologically (Table S3) . These results show a non-additive interaction and suggest they 124 function in the same circadian genetic pathway. The ubp13-1/gi-2 double mutant had a similar 125 amplitude to the gi-2 mutant but had a more similar phase and period to the ubp13-1 mutant 126 (Table S3 ). This again shows a non-additive genetic interaction but also suggests that the roles of 127 UBP12 and UBP13 have slightly diverged with respect to clock function. We also crossed the gi-128 2 mutant with the ubp12-2w mutant which had reduced expression of both UBP12 and UBP13
129
and the shortest clock period of the tested ubp mutant alleles (Fig.S3, 2a- mutants, but counterintuitively the ZTL target, TOC1, also had reduced levels ( Fig. 3c- of UBP12 and UBP13 required to interact with GI were tested using yeast two-hybrid assays.
282
The full-length (FL) or truncated UBP12 or UBP13 fragments as diagramed in the lower portion Table   286 S1 for complete information) with a false discovery rate (FDR) cutoff< 0.01 and p-value≤ 5.37E- Tables:   379   Table S1 . The list of proteins identified by immunoprecipitation followed by mass 380 spectrometry using 35S::FLAG-His-ZTL decoy in the Col-0 or gi-2 background. 
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Materials and Methods
Plant materials and growth conditions
The Arabidopsis seeds of Col-0, ubp12-1 (CS423387), ubp12-2w (CS2103163), ubp13-1  (SALK_128312), ubp13-2 (SALK_024054), ubp13-3 (SALK_132368) 1 , gi-2 (cs3370) 2, 3 , ztl-4 (SALK_012440) 4 , pGI::GI-HA (CS66130) 5 and TMG (CS31390) 6 were described previously and obtained from ABRC. The ubp12-1/gi-2, ubp12-2w/gi-2, ubp13-1/gi-2, ubp12-1/ztl-4 and ubp13-1/ztl-4 double mutants were generated by crossing and genotyped by PCR. The pGI::GI-HA and TMG lines were crossed to ubp12-1 and ubp13-1, and the homozygous lines were selected by genotyping and gentamycin resistance.
For IP-MS, the 35S::FLAG-His-ZTL-decoy transgenic lines and 35S::FLAG-His-GFP control were described previously 7 , and the same constructs were transformed into the gi-2 background by floral-dip method 8 .
For the bioluminescent assays, the circadian reporter line pCCA1::Luciferase (pCCA1::LUC) 9 was crossed to the ubp12 and ubp13 mutants. The pUBP12::UBP12-YFP variants (see Cloning section) were transformed into pCCA1::LUC/ubp12-1 by floral-dip 8 for complementation experiments.
For growth conditions of Arabidopsis seedlings, the seeds were surface sterilized with ethanol, cold stratified, plated on ½ strength MS (Murashige and Skoog medium, Caisson Laboratories, MSP01) medium with 0.8% Agar (AmericanBio, AB01185), and grown at 22°C under 12h light/12h dark as described previously 7 unless specified otherwise. For soil-grown conditions, plants were grown in Fafard-2 mix under 16h light/8h dark at 22 °C.
For circadian experiments, seedlings were grown on ½ strength MS medium under 12h light/12h dark at 22 °C for 10d, transferred to continuous light (LL) at 22 °C for 48h before starting harvest. For the 12h light/12 dark (LD) experiments, 12-day-old seedlings grown on ½ strength MS medium were used.
Cloning
The GATEWAY pENTR™/D-TOPO entry vectors (Thermo Fisher Scientific, K240020) of ZTL full-length, ZTL decoy, CHE, TOC1 and PRR5 were obtained from previous reports 7, 9, 10 . For GI, UBP12 and UBP13, the full-length coding regions were amplified from cDNA by PCR and cloned into pENTR™/D-TOPO vectors. These entry clones were then sub-cloned into GATEWAY compatible yeast two-hybrid vectors (pGADT7-GW and pGBKT7-GW) 11 or BiFC vectors (pUC-DEST-VYCE®GW and pUC-DEST-VYNE®GW) 12 with GATEWAY recombination cloning (Thermo Fisher Scientific).
To construct the fragments of UBP12 and UBP13 into yeast two-hybrid pGADT7-GW vectors, the desired fragments were first amplified from the full-length UBP12 or UBP13 entry vectors by PCR and cloned into pENTR™/D-TOPO vectors before being sub-cloned into pGADT7-GW with GATEWAY cloning.
For the UBP12 complementation plasmids, the pENTR™/D-TOPO-UBP12-NS vector served as template for site-directed mutagenesis to introduce a Cys to Ser mutation at a.a. 208 position using Q5® Site-Directed Mutagenesis Kit (NEB, E0554). Subsequently, UBP12-NS and UBP12C208S-NS in the pENTR™/D-TOPO entry vectors were sub-cloned into a modified GATEWAY compatible pGreenBarT vector 12 with 1.7k bp upstream of ATG of UBP12 promoter region in the KpnI/XhoI sites. The primers used for cloning were listed in Table S2 .
Yeast two-hybrid
ZTL, ZTL decoy, GI, TOC1, PRR5 and CHE were fused to the GAL4-BD in pGBKT7-GW vectors, and the full-length or fragments of UBP12 and UBP13 were fused to the GAL4-AD in pGADT7-GW vectors by GATEWAY cloning. The interactions were tested on synthetic dropout medium as described previously 7 .
Bimolecular fluorescence complementation (BiFC) and confocal microscopy
The coding region of GI, UBP12 or UBP13 in the GATEWAY entry vectors were cloned into protoplast GATEWAY destination vectors pUC-DEST-VYCE®GW and pUC-DEST-VYNE(R)GW 12 respectively for transient transfections into protoplasts. pSAT6-mCherryVirD2NLS was used as a nuclear marker. The protoplasts were isolated from 3-to 4-week-old Arabidopsis (Col-0) grown at 22°C under 8h light/16h dark and transfected following the protocol of tape-Arabidopsis sandwich method 13 . After 14-18 h incubation in low-light conditions, protoplasts were imaged on a Nikon Ti microscope with using a 60X 1.4 NA plan Apo objective lens as described previously 14 . The images were analyzed with FIJI 15 .
Immunoprecipitation and mass spectrometry (IP-MS)
For the ZTL decoys in Col-0 background, homozygous 35S::FLAG-His-ZTL-decoy transgenic lines along with Col-0 and 35S::FLAG-His-GFP controls were used. For the ZTL decoys in the gi-2 background, three independent T2 transgenic lines of 35S::FLAG-His-ZTL-decoy/gi-2 and 35S::FLAG-His-GFP/gi-2 were selected on ½ strength MS plates with 15 µg/ml ammonium glufosinate before being transferred to soil. Twenty-one-day-old soil-grown plants were entrained in 12 h light/12 h dark at 22°C for 7 days prior to harvest. Leaf tissues were collected at 9 h after dawn for subsequent IP-MS. One-step IP-MS and MS spectral analyses were carried out as documented 7 with minor changes. The MS/MS spectral were searched against the SwissProt_2017 tax:Arabidopsis thaliana (thale cress) database (February 2017) using MASCOT MS/MS ion search engine version 2.6.0 16 with the following parameters: up to 2 missed cleavages; variable modifications included Acetyl (K), GlyGly(K), Oxidation (M), Phospho (ST), Phospho (Y); peptide tolerance ± 10 ppm; MS/MS tolerance ± 5 Da; peptide charge 2+ and 3+. The protein lists identified by MASCOT were first filtered out non-specific interactions by removing proteins only present in the controls (Col-0, gi-2, 35S::FLAG-His-GFP/Col-0 and 35S::FLAG-His-GFP/gi-2). The SAINTexpress algorithm 17, 18 were further performed to determine the significance of protein-protein interactions. 
